ABSTRACT: Nordihydroguaiaretic acid (NDGA) is a secondary plant metabolite with antimicrobial properties, and therefore may have potential as a rumen modifi er. Two in vitro experiments were conducted to determine the usefulness of NDGA as a rumen modifier. Exp. 1 evaluated the effect of adding 0, 5, 10, 50, and 100 mg/mL NDGA on growth of pure and mixed cultures of rumen bacteria. Growth of all cultures except Butyrivibrio fi brisolvens H17c was inhibited at 50 mg/ mL NDGA (P < 0.05). Cultures from whole rumen fl uid and B. fi brisolvens H17c were inhibited with 100 mg/mL NDGA (P < 0.05). Exp. 2 evaluated additions of NDGA on IVDMD (48 h) and VFA production. Three dietary substrates simulating different resources available for livestock production and 5 concentrations of NDGA were compared with monensin (47.5 μg/mL, MON, Elanco Animal Health, Indianapolis, IN). Substrates included (DM basis) 100% meadow hay (H100), 50% alfalfa with 50% ground corn (H50), and 90% ground corn with 10% alfalfa (H10). Treatments were 0 (Control; CON), 20, 40, 60, 80 μg/mL NDGA and MON. Treatment means were compared using 2 single degree of freedom contrasts (0 μg/mL NDGA vs. MON and NDGA vs. MON) and orthogonal polynomial contrasts within NDGA concentrations. Monensin fermented with H100 had the least (P < 0.01) IVDMD. A linear increase in IVDMD was observed for H50 (P < 0.01) but not H10 or 100 (P > 0.40). Acetate was quadratic for all substrates tested with NDGA (P < 0.01) and adding NDGA vs. MON resulted in 9% greater values (P < 0.01). Propionate increased by addition of MON compared with CON, which was opposite for acetate. Propionate showed the greatest increase with addition of MON and was dependent on diet vs. CON (H100 vs.H50 vs. H10; 22.5%, 44.4%, and 30.2%, respectively). When H100 was used, total VFA declined linearly by 61% with increasing NDGA (P < 0.01), whereas H50 and H10 were quadratic (P < 0.01) with the greatest total VFA resulting from 40 and 80 mg/mL NDGA for H50 and H10, respectively. Addition of NDGA tended to decrease total VFA (P =0.06) for H100 and H10 by 18.5% and 9.0%, respectively; however, H50 did not differ (P = 0.82) compared with MON. Butyrate increased linearly with increasing NDGA for H10 (P < 0.03) and quadratic for H50 and H100 (P < 0.01). The lowest overall acetate:propionate ratio was obtained with addition of MON to H10 (1.35) and the greatest ratio resulted from adding 60 μg/mL NDGA to H100 (3.63). Rumen fermentation was responsive to NDGA, and the response is dependent on diet.
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INTRODUCTION
Use of antibiotic growth promoters (ionophores) has proven to be a useful means to improve feed effi ciency and prevent rumen acidosis when ruminants are fed diets containing starch (McDougall et al., 2004; Melendez et al., 2006) . Subtherapeutic use of antibiotics is controversial and legislators in Europe have moved to prohibit their use in animal feeds (Wallace, 2004) . As a result, research groups in Europe and the United States are looking for natural products to replace antibiotics used for growth promotion in livestock; of particular interest are antibiotics that are also used in human health (Wallace, 2004) .
Desert plants in the Larrea family are considered invasive on 19 million ha of the Mojave, Sonoran, and Chihuahuan Desert regions of the southwestern United States and contribute to the degradation of desert grasslands (Whitford et al., 2001) . Extracts from plants in the Larrea family have been used in traditional medicine to treat more than 50 illnesses (Arteaga et al., 2005) , and antibiotic, antifungal, and antiviral properties have also been noted (Mabry et al., 1979) . Plants in the Larrea family store nordihydroguaiaretic acid (NDGA) and other phenols primarily present in the leaves possibly providing protection from herbivory. Nordihydroguaiaretic acid is classifi ed as a phenolic compound (Arteaga et al., 2005) and, more specifi cally, as a polyphenolic lignan and has been shown to prevent growth of cancer cells by inhibiting anaerobic glycolysis (Mabry et al., 1979 ; Figure 1 ). Additionally, NDGA was widely used during the 1950s as a food preservative due to its antimicrobial properties but was later banned after reports of toxicity in the 1960s (Arteaga et al., 2005) .The objective of this study was to determine in vitro the effects of NDGA on VFA production, DM digestibility, and growth of pure cultures of ruminal bacteria.
MATERIALS AND METHODS
All procedures involving live animals were approved by the Institutional Animal Care and Use Committee at New Mexico State University.
Exp. 1
Bacterial Inoculum. Pure cultures of 7 predominant rumen bacteria were obtained for the culture collection maintained by New Mexico State University Rumen Microbiology Laboratory and are described in Table 1 . Genus, species, and serotype of each bacterium were confi rmed with Gram staining and sequencing of 16S rRNA gene (Yu and Morrison, 2004; Brulc et al., 2009) . Additionally, a sample of rumen fl uid was collected from a cannulated cow (average BW = 500 kg) maintained on sorghum-sudan hay (12% CP, 68% NDF; DM basis) via a metal suction strainer (approximately 7.3 cm length × 0.7 cm width; Precision Machine Co. Inc., Hasting, NE). Ruminal fl uid was diluted with sterile anaerobic distilled water until 0.2 optical density units (600 nm) registered on a Spectronic 20+ spectrophotometer (Thermo Fisher Scientifi c). Complex culture medium (Bryant and Burkey, 1953) with 40% clarifi ed rumen fl uid was used for both pure cultures and ruminal fl uid in vitro experiments (Table 2 ). All medium components except 1.25% cysteine-sulfi de (reducing agent) and B-vitamin solution were combined in a round bottom fl ask. Mixture was heated until boiling in a microwave and bubbled with CO 2 until cool to touch followed by addition of Na 2 CO 2 and VFA solution. The fl ask was closed with a butyl rubber stopper and transferred to an anaerobic glove box (95% CO2, 5% H 2 atmosphere; Coy Laboratory Products, Grass Lake, MI). Medium was aliquoted (9.70 mL) to 25-mL (18 × 150 mm) balch tubes, capped with butyl rubber stoppers, removed from the glove box, sealed with aluminum seals, and sterilized by autoclaving. Filter sterilized B-vitamin solution and reducing agent were added to each balch tube with sterile needle and syringe before addition of bacterial cultures (fi nal volume = 10 mL).
Pure Culture Incubations. Treatments were varying concentrations of NDGA that was extracted and purifi ed from Larrea (Sigma, St. Louis MO), dissolved in equal amounts of ethanol (100 μL) and added to balch tube containing sterile culture medium with reducing agent and B-vitamins. Treatments included: Control (no addition of NDGA or ethanol; CON), or NDGA concentrations of 0, 5, 10, 50, and 100 μg/mL NDGA plus 100 μL ethanol. The inoculum size (pure cultures and ruminal fl uid) of 10% (0.2 optical density units) was added to each treatment. All treatments were incubated at 37°C in quadruplicate, and the experiment was replicated 3 times.
Measurements of Growth. The effect of NDGA was evaluated by measuring turbidity (600 nm) of cultures over a 24-h period with a spectrophotometer. Turbidity measurements were collected every 3 h for 24 h. Growth curves and doubling times were developed from these data using standard curves created by plating serial dilutions each bacterium and rumen fl uid culture.
Calculations and Statistical Analyses. Doubling time was calculated using the equation:
where I = initial cell number, F = fi nal cell number, t = elapsed time needed for 1 multiplication event, and d = constant. The time required for 1 doubling under exponential growth conditions may, therefore, be calculated by dividing the slope of a plot of log (cell number) vs. time into log 2 (0.301). Slope was calculated using Excel software (Microsoft Offi ce 2007, Redmond, WA). The effect of treatment on doubling time was evaluated as a randomized block design with a factorial arrangement of treatments (7 concentrations of NDGA plus 100 μL ethanol and 7 microbial cultures or ruminal fl uid) using Proc GLM (SAS Inst. Inc., Cary, NC). Model included microbial culture, treatment, and their interaction. Effects were considered signifi cant with α < 0.05. Means were separated using preplanned pairwise contrasts (PDIFF option of SAS).
Exp. 2
The effects of NDGA on rumen microbial fermentation and diet digestibility were evaluated using IVDMD procedures (Tilley and Terry, 1963) and subsequent VFA production analysis (Goetsch and Galyean, 1983) . Treatments for this study were arranged in a 3 × 7 factorial array with 3 types of substrate and 6 concentrations of NDGA or monensin (MON) and included 6 observations per substrate × NDGA or MON concentration. Monensin was used in this experiment as a positive control due to its use as a primary rumen modifi er used in beef and milk production systems in the United States, and the infl uence of MON on animal performance has been well established (Muntifering et al., 1980; Duffi eld et al., 2008) .
In Vitro Substrates. Three different substrates were used as fermentation substrate, each simulating a common ruminant production diet (DM basis); 100% meadow hay (4% CP, 72% NDF DM basis; H100), 50% corn: 50% alfalfa (13.5% CP, 24.5% NDF DM basis; H50), and 90% corn: 10% alfalfa (9.9% CP, 12.2% NDF DM basis; H10). Each substrate was dried in a forced-air oven (50°C) and then ground in a Wiley Mill (Thomas Scientifi c, Swedesboro, NJ) to pass a 2mm screen. Substrates were weighed (0.5 g) into 45mL in vitro tubes. Five different concentrations of NDGA: 0 (CON), 20, 40, 60, 80 μg/mL and 1 concentration of MON (47.5 μg/ mL) plus 100 μL ethanol were added to the 3 substrates in triplicate at each substrate × dose concentration and the experiment was replicated twice. The MON concentration corresponded to dosing recommendation by Elanco Animal Health. There was no effect of replicate (P = 0.75) so the variable replicate was excluded from the model.
In Vitro Incubations.
Ruminal fl uid was obtained approximately 4 h after feeding from 2 mature ruminally cannulated cows. Cows were allowed adlibitum access to diets comparable with substrates used in the IVDMD (i.e., H100, H50, and H10) experiment 10 d before rumen fl uid collection. The nutrient profi le of the sudan hay was 8% CP and 70% NDF (DM basis). A metal suction strainer was used to collect rumen fl uid at the mat layer interface into a collection thermos that had been heated to 37°C. Rumen fl uid was immediately transported to the laboratory and was combined with equal parts of McDougall's buffer (Tilley and Terry, 1963) to make the IVDMD inoculum. In vitro tubes with sub- 2 VFA solution components, Umol/mL: 67.2 glacial acetic acid, 40.0 propionic acid, 20.0 butyric acid, 5.0 isobutyric acid, 2-methylbutyric acid, 5.0 valeric acid.
3 Dissolve 0.1 g resazurin in 4 ml 0.1 N NaOH and dilute to 100 ml with distilled water adjust to pH = 6.5. 5 Clarifi ed rumen fl uid is the supernant from a double centrifugation at 10,000 × g for 15 min at 24°C. strate were fi lled with 20 mL of inoculum, gassed with CO 2, capped with a plastic cap, and incubated (37°C) in an anaerobic glove box (95% CO 2 : 5% H 2 atmosphere) for 48 h. Tubes were manually agitated 10 times at the beginning of the experiment and were agitated every 2 h for 12 h for the remainder of the experiment. Upon removal from the anaerobic glove box tubes were stored at −80°C until IVDMD and VFA production analysis was performed. In vitro DM digestibility was calculated from the amount of substrate remaining after digestion with rumen fl uid inoculum at 48 h. Gas chromatography was used to quantify VFA production (Goetsch and Galyean, 1983) .
Calculations and Statistical Analyses. Data were analyzed using GLM procedure (SAS Inst. Inc., Cary, NC). Treatment means were compared using 2 single degree of freedom contrasts (0 μg/mL NDGA vs. MON and NDGA vs. MON) and orthogonal polynomial contrasts within NDGA concentrations. Effect with a P-value < 0.05 was considered signifi cant.
RESULTS AND DISCUSSION
Nordihydroguaiaretic acid has been classifi ed as a phenolic compound (Arteaga et al., 2005) , more specifi cally as a lignan, which is a polyphenolic ( Figure  1 ). Plant lignans are polyphenolic substances that are derived from phenylalanine via dimerization of substituted cinnamic alcohols. Nordihydroguaiaretic acid and other phenols present in plants of the Larrea family are primarily present in the leaves and provide protection from herbivory as evidenced by the low voluntary consumption rates of creosote bush by wildlife and domestic livestock species (Belmares et al., 1979) . In addition to low palatability, Larrea tridentata is usually toxic, sometimes causing death (Gay and Dwyer, 1998) . However, animals or humans that display signs of toxicosis typically have consumed 100 times the concentration of NDGA used in our study. For example, Larrea tridentata has approximately 38 mg/g NDGA; a sheep eating 6.6 kg/d composed of 5% Larrea tridentata would be exposed to 12.5 g/d NDGA. As demonstrated by our data, 12.5g/d NDGA would be devastating to the rumen bacterial population and could explain the detrimental effects of Larrea tridentata on the health of wild and domestic ruminant species.
Infl uence of NDGA on Growth of Pure Cultures of Rumen Bacteria
Doubling time data are shown in Table 3 . Because NDGA was dissolved in ethanol, ethanol was included as a treatment (0 μg/mL) in this experiment to determine if the effect of NDGA on doubling time was due to NDGA or ethanol. Ethanol had no effect on doubling time and all cultures were similar to CON (P = 0.91). Caldwell and Murray (1986) showed that ethanol at 1% (vol/vol) and greater inhibited doubling time of anaerobic bacteria. In the current study ethanol concentration was 0.01% (vol/ vol) so the lack of effect on doubling time is understandable.
Doubling time of Prevotella ruminicola 118B was not different with 5 and 10 μg/mL; no growth was observed with 50 and 100 μg/mL NDGA per milliliter of growth medium. Exposure of P. ruminicola GA33 to 10 mg/mL NDGA resulted in a 45% slower doubling time (P < 0.01) than CON, 0, and 5 mg/mL NDGA; furthermore, all growth ceased at 50 and 100 mg/mL NDGA. Prevotellaruminicola serotypes present in the rumenare classifi ed as gram-negative rods and are one of the most commonly isolated bacteria from rumen contents accounting for 60% of all isolates (Van Gylswyk, 1990) .
Two serotypes of B. fi brisolvens were evaluated. Doubling time of B. fi brisolvens H17c increased approximately 2-fold when 5,10, or 50 mg/mL NDGA (P < 0.05) was added and was completely inhibited with 100 μg/mLNDGA (Table 2 ) when compared with CON (P < 0.01). Butyrivibrio fi brisolvens D1 doubling time increases 2-fold with addition of 10 μg/mL NDGA when compared with CON, 0, and 5 μg/mL NDGA (P < 0.01), whereas growth was not detected when 50 or 100 mg/mL NDGA was added to the growth medium. Butyrivibrio fibrosolvens are gram-negative rods (Hungate, 1950 ) that possess gram-positive cell wall ultrastructure (Hespell et al., 1993) . Butyrate accounts for 16% of the VFA present in the rumen (Stewart et al., 1997) and B. fi brosolvens is believed to be the main butyrate producer in the rumen. Ruminococcus albus 8 and R. fl avefaciens FD1 are gram-positive cocci that perform similar tasks in the rumen, both species being strongly cellulolytic. However, the response to NDGA differed between R. albus 8 and R. fl avefaciens FD1. Ruminococcus fl avefaciens FD1 doubling time was increased slightly compared with CON with addition of 5 or 10 μg/mL NDGA (P < 0.05). Ruminococcus albus 8 doubling time was increased at 10 mg/mL NDGA when compared with CON, 0, and 5 μg/ mL NDGA (P < 0.05). When both R. albus 8 and R. fl avefaciens FD1 were exposed to 50 or 100 μg/mL NDGA, growth ceased indicating that NDGA at >50 is potentially bacteriocidal to cellulolytic organisms.
Streptococcus bovis JB1 is an organism of considerable interest in the rumen due to its role in the onset of lactic acidosis in animals maintained on high starch diets (Hino and Russell, 1985) , but is also present in rumen of forage-fed animals (Hungate, 1966) . Streptococcus bovis JB1 is capable of rapid population doubling times comparable to Escherichia coli (Russell and Robinson, 1984) . Doubling time of S. bovis JB1 was increased with addition of 5 or 10 μg/mL NDGA when compared with CON or 0 μg/mL NDGA (P < 0.01). This indicates that NDGA could be an effective tool in modifying the rumen of animals consuming high starch diets. Similar to other cultures tested 50 and 100 μg/mL NDGA results in no growth of S. bovis JB1.
Although experiments with pure cultures of rumen bacteria provide useful information in regards to susceptibility of bacteria to certain compounds, it does not mimic the complex nature of the rumen. Therefore, concentrations of NDGA were tested with cultures of whole rumen fl uid obtained from a cow consuming a forage diet (Figure 2) . Addition of 20 μg/mL NDGA resulted in increased doubling time when compared with CON and 0 to 10 μg/mL NDGA (P < 0.05). Similar to pure culture experiments, NDGA addition at 100 μg/mL resulted in no growth detection.
Infl uence of NDGA on IVDMD
Data for IVDMD and VFA production are in Table  4 . In vitro DM digestibility for H100 was decreased with addition of MON compared with CON and NDGA (P < 0.01). When H50, IVDMD increased linearly at all concentrations of NDGA (P < 0.01) and CON was not different from MON (P = 0.81). Additions of NDGA to H50 increased IVDMD compared with MON (P < 0.01) whereas NDGA did not affect IVDMD of H10 (P = 0.71).
The MON treatment fermented with H100 resulted in the lowest (26.5%) IVDMD of all treatment combinations. This treatment simulated a medium quality diet composed of 100% forage. Poos et al. (1979) found that feeding MON reduced feed intake and digestibility of high fi ber diets, whereas Simpson (1978) found MON to inhibit cellulose degrading bacteria in vitro. Our results Figure 2 . Effect of Larrea plant extract (NDGA) on doubling time of mixed microbial communities present in whole ruminal fl uid. a-cBars with unlike superscripts differ at P < 0.05. Cultures exposed to 100 μg/mL NDGA did not grow.
indicate that unlike MON, NDGA may not reduce ruminal diet digestibility. Furthermore, NDGA at 80 μg/mL in rations that average 50% concentrate and 50% forage may improve diet digestibility over MON. Monensin is currently being used in dairy production systems to alleviate subacute acidosis during the period when cows transition from the dry period to early lactation. Rations used in the dry period are predominately composed of forage, whereas early lactation rations contain an increasing concentration of starch (Fairfi eld et al., 2007) . Data from the current study indicate that NDGA may be a replacement for MON.
Because VFA represent the main supply of ME for ruminants (Van Soest, 1982) , a reduction in VFA production would be energetically unfavorable for the nutrition of the animal (Busquet et al., 2006) . Each substrate used in this experiment was chosen to simulate a typical production diet in a beef or dairy system (i.e., H100 simulated dormant warm season grasses), H50 a lactating dairy cow ration and H10 a fi nishing feedlot diet for cattle. The infl uence of NDGA and MON on VFA production was evaluated for each substrate. When meadow hay was used as the sole (H100) in vitro substrate, total VFA declined linearly by 61% with increasing NDGA (P < 0.01), whereas H and H10 was quadratic (P < 0.01) with the greatest total VFA resulting from 40 and 80 μg/ mL NDGA for H50 and H10, respectively. Also, addition of NDGA tended to decrease total VFA (P = 0.06) for H100 and H10 by 18.5% and 9.0%, respectively; however, H50 did not differ (P = 0.82) compared with MON. This reduction in total VFA concentration with addition of NDGA or MON confi rms the antimicrobial nature of these compounds.
Butyrate increased linearly with NDGA for H10 (P < 0.03) whereas H50 and H100 responded quadratically (P < 0.01). The greatest decline in butyrate was caused by adding MON to H50 vs. CON (6.01 % vs. 11.78 %) . Acetate was quadratic for all substrates tested with NDGA (P < 0.01) and adding NDGA vs. MON resulted in greater acetate values (P < 0.01) by as much as 9% with 80 μg/mL NDGA added to 100. A 13% reduction in acetate production was observed when MON was added to 90:10, when compared with CON. Propionate increased by addition of MON compared with CON, which was opposite for acetate. Propionate showed the greatest increase with addition of MON and was dependent on diet vs. CON (H100 vs. H50 vs. H10; 22.5%, 44.4%, and 30.2%, respectively). Propionate varied with the greatest increase (10.5%) caused by addition of 60 μg/mL NDGA to H50 (P < 0.01). The least overall acetate:propionate was obtained with addition of MON to H10 (1.35) and the greatest ratio resulted from adding 60 μg/mL NDGA to H100 (3.63).
Nordihydroguaiaretic Acid as a Fermentation Modifi er
Addition of NDGA to an in vitro system using differing substrates resulted in changes in acetate and propionate production as well as the total amount of VFA produced and had a substrate dependent effect on IVDMD. However, the true utility of NDGA in a ruminant production system requires evaluation in an in vivo model. Reasons for using an in vivo model are 3-fold. First, in vitro experiments provide an effective method to screen compounds for potential as rumen modifi ers but may have limited usefulness due to the limited time duration of IVDMD experiments, and the ability of the ruminal microbes to adapt to a given compound is not evaluated (Cardozo et al., 2004) . Second, the infl uence of ruminal modifi ers on ruminal retention of liquids and solids, microbial proteolysis, and subsequent additive effects on other systems that may result in increases in animal performance cannot be measured in vitro. Finally, NDGA may cause palatability issues due to possible off-fl avors of the compound, which could cause a reduction of feed intake.
In vitro screening of plant extracts as rumen modifi ers has become an active area of research (Calsamiglia et al., 2007) . Plant extracts that are capable of increasing propionate and decreasing acetate and methane production without reducing total VFA are being targeted. In context of the current study, NDGA changed rumen fermentation in vitro and seemed to have potential application as a rumen fermentation modifi er. Furthermore, results indicate that it may target a different rumen microbial population than MON. However, the practicality of using NDGA in vivo to modify rumen fermentation and enhance animal production still needs to be investigated and may be a challenge due to some of the inherent characteristics of NDGA, such as its bitter fl avor (Arteaga et al., 2005) .
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